Relations between optimum spatial vision and higherorder aberrations (HOAs) of the eye are complex. In individuals with ''supernormal vision'' having uncorrected distance visual acuity better than 20/15, the mean spherical aberration of the eye is approximately C0.1 mm. 1 This amount of positive spherical aberration was also the mean in youthful eyes in several other studies with large sample sizes. [2] [3] [4] To use these findings in the pursuit of optimum spatial vision after cataract surgery, several manufacturers have modified their intraocular lens (IOL) designs so that positive corneal aberration is not completely compensated, with the intended consequence of leaving a small residual postoperative spherical aberration. Three commercially available aspheric IOLs have a different intended target for postoperative spherical aberration that ranges from C0.27 to 0.00 mm. 5, 6 Several approaches to evaluating HOA correction have been used. These include computation of expected improvements given wide variation in the normal population, 7 prospective clinical trials to compare IOLs, 8 and simulation and control of aberrations using contact lenses, 9 phase plates, 10 and adaptive optics. 11 The latter has been used to show significant improvements in contrast sensitivity in younger 12 and elderly 13 individuals when HOAs are corrected. In a recent study, Piers et al. 11 used an adaptive optics system to evaluate the benefit of customized correction of spherical aberration. A Hartmann-Shack wavefront sensor detected temporally varying aberrations over a 4.8 mm pupil and addressed a deformable mirror with 37 actuators to control HOAs (with static correction of defocus). To extend the dynamic range of the system, aspheric phase plates were introduced with varying amounts of spherical aberration. Visual performance was measured through this system when correcting only spherical aberration Z(4,0) or when introducing a 0.149 mm spherical aberration. The results showed significant improvements in ARTICLE contrast sensitivity with both conditions; however, improvement was greater with customized correction. In a subsequent study, Piers et al. 14 varied spherical aberration over the range of approximately À0.1 to C0.2 mm to encompass the range of values found with current aspheric IOLs. The 5 subjects fell into 3 groups, with best contrast sensitivity for negative, zero, or positive spherical aberration. Here, we report results in a similar study using a larger pupil diameter (6.3 mm), which may be more sensitive to variations in spherical aberration.
SUBJECTS AND METHODS Subjects
All subjects had a corrected Snellen acuity of 20/15. The presence of abnormal ocular media and retinal disease was ruled out by a comprehensive ophthalmologic examination including slitlamp evaluation and ophthalmoscopy. Written informed consent was obtained following the tenets of the Declaration of Helsinki and with approval of the Institutional Review Board, University of California, Davis, School of Medicine. Figure 1 shows the adaptive optics system used in this study; the visual psychophysics path is shown, but not the retinal imaging arm. 15 Observers were tested monocularly using the preferred eye. The eye chosen for testing was dilated with tropicamide 1% and phenylephrine 2.5%, and head movements were minimized with the use of a bite bar.
Measuring Technique
A superluminescent diode operating at 835 G 20 nm was used to form a wavefront sensor beacon on the retina. Light was relayed by telescopes in the path of the deformable mirror, and the eye pupil plane was imaged onto a HartmannShack wavefront sensor. The wavefront was sampled at 20 Hz using a Dalsa camera (model CA-D7) with a 20 Â 20 lenslet array (24.0 mm focal length) over a 7.0 mm pupil. Trial lenses were placed at the spectacle plane to correct sphere and cylinder for all experimental conditions to reduce the 2nd-order Zernike terms (defocus and astigmatism) and optimize the focus of written text on the cathode ray tube (CRT) display. With trial lenses in place, wavefront errors were modified with a 68.0 mm diameter, 109 actuator, continuous-surface deformable mirror (Litton Itek). The deformable mirror was located at a plane conjugate to the observer's pupil, had an approximate mirror stroke of G2 mm, and was operated using direct slope control. Contrast sensitivity was measured with the deformable mirror set to produce 1 of 5 spherical aberration profiles (À0.2 mm, À0.1 mm, 0 mm, C0.1 mm, C0.2 mm), which produced additional spherical aberration on top of the observer's habitual HOAs. This was intended to be analogous to what happens with cataract surgery in which an aspheric IOL functions with the observer's existing HOAs.
Stimuli were viewed through an aperture in a plane conjugate with the eye's pupil to subtend 6.3 mm diameter of the pupil. The stimuli were presented on a gammacorrected, purpose-built, 25 cm monochrome CRT display (l max Z 550 nm, Moraine Displays) driven by a Macintosh G4 computer (Apple Inc.) with 10-bit resolution. Before testing, each observer was allowed to adapt to a uniform field of 75 candelas[cd]/m 2 (luminance measured at the observer's pupil plane) for 5 minutes. After adaptation, a single spherical aberration profile was loaded onto the mirror and held in place throughout the trial period. Contrast sensitivity was measured using a Gabor patch (sinusoidally modulated grating windowed by a Gaussian envelope with a standard deviation of 0.375 degrees at a spatial frequency of 8 cycles per degree [cpd] ). The stimuli subtended 1.5 degrees (60.67 pixels per degree), and the mean luminance was the same as the adaptation field. Stimuli were presented for 1 second with a sine-wave modulation at 1 Hz, providing a single temporal contrast cycle. The orientation of the Gabor patch was vertical. The effect of different levels of spherical aberration is not expected to be orientation dependent. Other aberrations (eg, trefoil) would require testing at a greater number of orientations because the change in the point-spread function would be expected to alter contrast sensitivity in an orientation-dependent manner.
Contrast thresholds were determined using the method of adjustment. Five threshold measurements were obtained at each level of spherical aberration for 25 trials. The test data for a fixed level of spherical aberration were collected consecutively, while the order of the levels of spherical aberration was random. Experimental software was written in MatLab (version 5.2.1, The MathWorks, Inc.) using the psychophysics toolbox extensions.
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RESULTS
Three subjects (1 woman) aged 21 to 24 years participated in the study. Two subjects were emmetropic. The other subjects had a refractive error of À3.75 diopters (D) sphere and C1.00 D cylinder in the tested eye. Table 1 shows the spherical aberration Z(0,4) written to the mirror, the measured spherical aberration for the individual subjects, the mean spherical aberration, and the change in spherical aberration. These results show that the deformable mirror had sufficient stroke to produce the desired change in spherical aberration. Figure 3 shows how differing HOAs (3rd and 4th orders) for one subject were altered by the introduction of additional spherical aberration. HOAs other than spherical aberration were little changed. Contrast sensitivity at 8 cpd is plotted in Figure 4 as a function of total spherical aberration (each subject's natural spherical aberration combined with that induced on the deformable mirror). Data for all subjects fitted with a 2nd-order polynomial showed an r value of 0.65. The peak of the fitted function implies maximum contrast sensitivity at C0.06 mm spherical aberration. The peak is still positive if the point with contrast sensitivity greater than 21 is omitted. The contrast sensitivity data of each subject were also fitted with a 2nd-order polynomial; in each case, the peak occurred with positive spherical aberrations (mean 0.09 mm).
DISCUSSION
The purpose of this study was to identify the postoperative spherical aberration that optimizes visual performance assessed by contrast sensitivity. Using a state-of-the-art adaptive optics system, the HOAs could be measured and spherical aberration varied systematically. Although we did not measure depth of focus, it has been noted that spherical aberration may improve vision by increasing depth of focus. 11, 18, 19 To simulate natural conditions in which IOLs are implanted (ie, an implanted IOL has a fixed spherical aberration incorporated), we introduced spherical aberration over a 7.0 mm pupil. As a practical matter, however, psychophysical testing was done over a 6.3 mm pupil to avoid edge effects due to limits of the deformable mirror. Changing between 7.0 mm and 6.3 mm pupil diameters will produce a small change in aberrations. To evaluate this effect, we recalculated the Zernike coefficients over a 6.3 mm pupil. This resulted in modest changes in quantitative results and did not affect our conclusions. The mean contrast sensitivity reached a peak with a spherical aberration of 0.09 mm with a 7.0 mm pupil and 0.06 mm with a 6.3 mm pupil. In all cases, the best contrast sensitivity with both pupil diameters was achieved with a positive spherical aberration.
Variability in contrast sensitivity and fitting with a polynomial preclude an exact determination of the optimum spherical aberration; however, our results are consistent with those in a clinical study by Beiko, 8 who found that targeting a residual spherical aberration of C0.1 mm after cataract surgery resulted in better vision than targeting 0.0 mm. Eyes targeted for C0.1 mm spherical aberration had significantly better contrast sensitivity at 6 cpd and 12 cpd under photopic (85 cd/m 2 ) and mesopic (3 cd/m 2 ) conditions. In another study, eyes that had implantation of an AcrySof IQ IOL (Alcon Laboratories) had significantly higher contrast sensitivity than eyes with a Tecnis IOL (Abbott Medical Optics, formerly Advanced Medical Optics) 
